ABSTRACT: Black lipid membranes (BLMs) provide a synthetic environment that facilitates measurement of ion channel activity in diverse analytical platforms. The limited electrical, mechanical and temporal stabilities of BLMs pose a significant challenge to development of highly stable measurement platforms. Here, ethylene glycol dimethacrylate (EGDMA) and butyl methacrylate (BMA) were partitioned into BLMs and photopolymerized to create a cross-linked polymer scaffold in the bilayer lamella that dramatically improved BLM stability. The commercially available methacrylate monomers provide a simple, low cost, and broadly accessible approach for preparing highly stabilized BLMs useful for ion channel-functionalized analytical platforms. When prepared on silane-modified glass microapertures, the resulting polymer scaffold-stabilized (PSS)-BLMs exhibited significantly improved lifetimes of 23 ± 9 to 40 ± 14 h and >10-fold increase in mechanical stability, with breakdown potentials >2000 mV attainable, depending on surface modification and polymer crosslink density. Additionally, the polymer scaffold exerted minimal perturbation to membrane electrical integrity as indicated by mean conductance measurements. When gramicidin A and α-hemolysin were reconstituted into PSS-BLMs, the ion channels retained function comparable to conventional BLMs. This approach is a key advance in the formation of stabilized BLMs and should be amenable to a wide range of receptor and ion channel functionalized platforms.
■ INTRODUCTION
Ion channels possess a number of desirable properties that make them useful for analytical applications, including ion selectivity, chemical or mechanical gating, inherent signal amplification, well-defined open and closed states, and simple electrical readout.
1−3 Suspended lipid bilayers, also known as black lipid membranes (BLMs), provide an important synthetic membrane environment to study the function and activity of ion channels and serve as key components of ion channelfunctionalized analytical platforms. 4, 5 A major limitation of ion channel-functionalized sensor platforms is the ability to form BLMs with adequate electrical, mechanical, 6 and temporal stabilities. 7−9 BLM instability arises from the relatively weak noncovalent forces of interaction between lipid molecules in the membrane, which are insufficient to maintain the structure of BLMs under mechanical and electrical stresses. 10 Additionally, the interaction forces between the lipid membrane and the underlying substrate significantly affect the temporal stability of BLMs. 11, 12 The development of robust BLMs has been a major research challenge. Methods have been developed to enhance the stability of BLMs including reducing aperture size, 13 reducing the surface energy of aperture substrates, 11 sandwiching the BLM between hydrogel layers, 14 and chemical cross-linking by photopolymerization of reactive amphiphiles. 15−18 Benz et al. pioneered the direct polymerization of lipid membranes as a method of stabilizing BLMs, and identified lipid compositions for developing synthetic ion channel-functionalized sensors. 16 Reactive chemical functionalities can be introduced into the structure of lipid amphiphiles during synthesis to allow crosslinking at the lipid headgroup or within the lipid tail. 17 The degree of cross-linking in polymeric membranes depends on the type of polymerizable lipid and method of polymerization used, and affects the fluidity and stability of the lipid membranes. 10 Although polymerization has significantly enhanced the stability of BLMs, polymeric membranes may inhibit the function of some ICs due to insufficient membrane fluidity. 15 In addition, synthetic polymerizable lipids are difficult to utilize, few are commercially available, they are difficult and costly to produce, and have short shelf lives.
A number of approaches have been explored to address the challenge of membrane fluidity. Schmidt and co-workers created stable, long-lived BLM platforms for single-channel measurements by encapsulating a free-standing membrane within a polymerized gel in situ.
14 Although the lifetime of the BLM was greatly enhanced, the method reduced the diffusive transport of the ion channel into the BLM by as much as 70%. BLMs have been prepared from mixtures of polymerizable and nonpolymerizable phospholipids which allowed adequate fluidity to observe normal ion channel activity. 15, 18 Shenoy and co-workers reported improved bilayer lifetime using a mixture of polymerizable and nonpolymerizable lipids, 18 though fluctuations were observed in the lifetime of UVirradiated BLMs due to variations in the amount of reactive polymerizable lipids that partitioned into the BLM. Heitz et al. demonstrated the preparation of highly stable BLMs from a mixture of polymerizable (bis-dienoylphosphatidylcholine) and nonpolymerizable 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), a mixture that retained sufficient fluidity for reconstitution and proper function of ion channels. 15 Meier et al. enhanced the electrical stability of free-standing lipid membranes, in which BLMs were formed from a mixture of nonpolymerizable lipids and polymerizable styrene and divinylbenzene monomers, 8 though the longevity of the BLMs, fluidity, and compatibility with ion channel reconstitution were not investigated.
Here, we demonstrate a simple and cost-effective method of improving the stability of BLMs from a mixture of nonpolymerizable lipids and commercially available, polymerizable methacrylate monomers that partition into the lamella region of the lipid bilayer. BLMs prepared in equimolar mixtures with nonlipid, hydrophobic methacrylate monomers were evaluated for their electrical, mechanical, and physical properties before and after UV photopolymerization. The results show dramatically enhanced BLM stability and maintenance of incorporated ion channel activity.
■ EXPERIMENTAL SECTION
Reagents and Materials. Gramicidin A, ethylene glycol dimethacrylate (EGDMA), KCl, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and α-hemolysin (α-HL) were purchased from Sigma-Aldrich (St. Louis, MO). Gramicidin A was diluted to 10 μg/mL in ethanol. Tridecafluoro-1,1,2,2-tetrahydrodimethylchlorosilane (PFDCS) was purchased from Gelest, Inc. (Morrisville, PA). 3-cyanopropyldimethylchlorosilane (CPDCS) was purchased from TCI America, Inc. (Portland, OR). Anhydrous acetonitrile (ACN) and NaCl were purchased from EMD Chemical Inc. (Gibbstown, NJ). Ethanol was purchased from Decon Laboratories (King of Prussia, PA). Butyl methacrylate (BMA) was purchased from Alfa Aesar (Ward Hill, MA) and diethoxyacetophenone (DEAP) was purchased from Acros Organics (Pittsburgh, PA). 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in chloroform was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Nanopure water was obtained from a Barnstead EasyPure UV/UF purifier with resistivity of 18.3 MΩ cm.
Pipette Aperture Fabrication and Surface Modification. Borosilicate capillaries (1.5 mm outer diameter and 1.1 mm inner diameter) were purchased from World Precision Instruments, (Sarasota, FL) and were fabricated into pipette apertures with 25− 30 μm diameter using a P-97 micropipette puller (Sutter Instruments, Novato, CA) and fire polished with a model MF-900 microforge (Narishige, East Meadow, NY) for BLM formation. A schematic of the pipette fabrication process is shown in Figure S1 . Glass pipette apertures were silane-functionalized using a solution phase method reported previously. 11 Briefly, glass pipettes were filled and submerged in 0.1 M HNO 3 for 30 min followed by rinsing with H 2 O at least 3 times. The pipettes were rinsed with acetone and dried on a hot plate at 80−100°C for 5 min or in an oven at 70°C for 15−30 min. The pipettes were filled with and then submerged in 2% v/v silane solution in either ACN (for CPDCS) or toluene (for PFDCS) for 6−12 h. Pipettes functionalized with CPDCS were rinsed with ACN while PFDCS-modified pipettes were rinsed with toluene. Finally, the resulting CPDCS-or PFDCS-functionalized pipettes were rinsed with ethanol and H 2 O. Only those silane-modified glass pipette apertures that showed a high success rate (>80%) in the formation of BLMs, as monitored by repetitive formation and voltage-induced breakdown, were selected for use in further experiments.
Formation and Characterization of BLMs. DPhPC dissolved in n-decane to a final concentration of 20 mg/mL was used to form BLMs by the painting method. Briefly, stock lipids suspended in chloroform were dried using compressed Ar followed by overnight vacuum. Conventional (unpolymerized) BLMs were prepared with this solution. Methacrylate-doped BLMs (MA-BLMs) describe BLMs prepared using a mixture of lipid, methacrylate monomers and photoinitiator in the absence of UV photopolymerization. PSS-BLMs describe MA-BLMs that were subsequently photopolymerized. For MA-BLMs and PSS-BLMs, DPhPC solutions were prepared with BMA, EGDMA, and DEAP as follows. Initially, radical inhibitors were removed from BMA and EGDMA using an alumina column (Al 2 O 3 , 50−200 μm, 60 Å, Acros). The monomers were then combined in 1:1:1 ratios with DEAP to yield a solution referred to as a monomer mixture, followed by addition of one equivalent of lyophilized DPhPC to yield an overall mixture of 1:1:1:1 composition of BMA:EGDMA:-DEAP:DPhPC. The lipid/monomer mixture was vortexed for 30 s prior to the addition of n-decane.
BLMs were formed by addition of 2 μL of lipid or lipid/monomer mixture solution dissolved in n-decane to the pipette tip and dried with N 2 gas. Pipettes were backfilled with recording buffer (1 M KCl, 5 mM HEPES, pH 7.4) and mounted on the head stage of a patch clamp amplifier (EPC-10, HEKA Electronics, Bellmore, NY). The bath chamber was filled with recording buffer and connected to the reference electrode via a salt bridge. The lipid or methacrylate-doped lipid solution was painted by gently sweeping a plastic micropipette tip across the silanized pipette aperture submerged in the recording buffer.
Formation of BLMs or MA-BLMs across silanized pipette apertures was monitored by the spontaneous increase in electrical resistance from open pipette resistance (50−100 KΩ) to >2 GΩ. Further, the formation of BLM or MA-BLMs was verified by applying an increasing potential from 0 to 2000 mV in 10 mV increments of 50 ms duration. Additionally, the appearance of transient pores in BLMs under applied electrical fields was used to indicate the existence of BLMs prior to UV irradiation, although care was taken not to allow complete rupture of the BLM upon observation of transient pores. Subsequently, MABLMs were polymerized, forming PSS-BLMs, by UV irradiation using a pen lamp (UVP, Upland, CA, model 90−0012−01) at a distance of 3−5 cm from the BLM.
The biophysical properties of conventional, MA-and PSS-BLMs were characterized by the reconstitution and measurement of gramicidin A or α-HL activity. A 0.5 μL aliquot of stock gramicidin peptide (10 μg/mL) in ethanol was added to 500 μL bath solution to a final concentration of 10 ng/mL and allowed to incubate with the BLMs. The activity of gramicidin was monitored with a potential of 70 mV applied across the BLMs. Quantized changes in current were typically observed within 2 min of adding gramicidin to the bath solution. Two microliters of α-HL (0.5 mg/mL in recording buffer) were added to bath solution containing 500 μL of recording buffer and the insertion of IC was measured at a bias potential of +40 mV across the BLM.
Conductance Measurement. The conductance of conventional BLMs, MA-BLMs, and PSS-BLMs was measured by applying a square wave of increasing potential from −100 to +100 mV in 10 mV increments of 50 ms duration. The potential was held for 10 ms at 0 mV before and after applying each pulse. The average of the steady state current between 30 to 50 ms (following capacitive decay) was plotted versus the applied potential. The conductance is reported as the slope of the current versus potential plot and normalized for pipette aperture area, as a first approximation of BLM area. A minimum of three pipettes for each condition were used for evaluating BLMs suspended across CPDCS or PFDCS-modified pipette apertures. For each pipette, a minimum of three BLMs was analyzed to determine the mean conductance.
Assessment of BLM Stability. The stability of conventional, MA-, and PSS-BLMs was quantified by measuring breakdown voltage (V B ), longevity, and air−water transfer count (AWT). V B is the potential at which the BLM undergoes irreversible rupture, and is measured by applying an increasing potential from 0 to 2000 mV in 10 mV increments of 50 ms duration and observing the potential at which a large, nonlinear increase in current occurs. The mean V B indicates the electrical stability of BLMs. AWT refers to the number of times a BLM survives transport across the air−water interface before it ruptures. To assess AWT, the aperture was removed from aqueous buffer and maintained in air for 1 s, prior to resubmersion in buffer. Each cycle of removal and return to buffer is indicated as one AWT. Longevity was measured as the average time required for the bilayer to undergo rupture under the application of a ± 5 mV 20 Hz square-wave.
Statistical Analysis. All data are presented as mean ± standard deviation. For each measurement, a minimum of three BLM replicates on at least three different pipettes were collected. For each BLM stability metric analyzed, outlying data were assessed using the Q test at the 90% confidence level. All statistical comparisons were performed using Student's t test at the 95% confidence interval.
Single-channel recordings with corresponding all-points histograms and mean open times were analyzed using TAC (X4. ■ RESULTS AND DISCUSSION Figure 1 shows a schematic of a BLM suspended across a glass micropipette aperture functionalized with either CPDCS or PFDCS. Glass pipette aperture surfaces were first functionalized with either CPDCS or PFDCS to lower the surface energy, which is necessary to yield the tails-down lipid configuration required to form BLMs. 11 The resulting membrane orientation across the modified glass pipette 20 The decreased substrate surface energy enhances BLM stability by improving the force of interaction between the lipid membrane and the substrate (F ms ). 11, 21, 22 However, the weak van der Waals forces (F V ) and electrostatic forces (F E ) of interactions between adjacent lipid molecules limit the temporal, electrical, and mechanical stability of BLMs. For example, when BLMs are suspended across silanefunctionalized glass apertures with decreased surface energy, the inherently weak forces of interaction between the lipid molecules in the self-assembled bilayer (Figure 1 , F V,E ) limit the average longevity of the BLMs formed on CPDCS-and PFDCS-modified apertures to 2 ± 1 h and 8 ± 1 h, respectively (Tables 1 and 2) . 11 To overcome these limitations, we investigated the fabrication of a polymer scaffold within BLMs suspended across silane functionalized glass apertures to provide additional stabilizing interactions. For these studies, BLMs were prepared on two silane modified surfaces chosen based on the prevalence of CPDCS modifications 13, 23 in the BLM literature and the recently demonstrated significantly enhanced BLM lifetimes provided by PFDCS.
11
To further improve the stability of BLMs for applications requiring high mechanical and temporal stability, we evaluated the integration of a polymer network into the lamella region of the BLM. We utilized a methacrylate polymer scaffold prepared from BMA and EGDMA, which has previously been shown to increase the stability of phospholipid vesicles. 24−26 BMA forms linear polymer chains that are cross-linked by EGDMA to improve the polymer stability. Although the resulting polymer does not covalently link the DPhPC monomers that form the BLM, we hypothesized that the enhanced structural stability provided by the polymer network would enhance BLM lifetime and mechanical stability. The resulting BLM architecture is referred to herein as a polymer scaffold-stabilized BLM (PSS-BLM). Figure 2 shows a schematic (not to scale) of the proposed monomer arrangement in the lamellar region of monomer doped BLMs, which is analogous to the packing of methacrylate monomers in the bilayer of lipid vesicles reported previously. 24−26 The extent of stabilization achieved by PSSBLMs was determined by measuring the electrical and physical properties of conventional BLMs and MA-BLMs before and after UV irradiation.
Physical and Electrical Properties of PSS-BLMs. To evaluate the physical and electrical properties of PSS-BLMs, we measured the AWT, V B , and longevity as metrics of the physical, electrical, and temporal stability, respectively. A higher value of AWT and V B indicates enhanced mechanical and electrical stability of the specific BLM composition.
The successful formation of a BLM was indicated when V B was observed in the range of 0−1000 mV, 11, 15 prior to polymerization, as opposed to high resistance clogs which cannot be broken down in this range. The mean V B observed for conventional BLMs suspended across CPDCS-modified pipette apertures was 460 ± 21 mV, which agreed well with previous results. 11 Furthermore, electrical, physical, and temporal stability were statistically similar before and after 15 min of UV irradiation of conventional BLMs, indicating no deleterious effects of UV exposure. When the monomer mixture was incorporated into the BLM in the absence of UV irradiation to form MA-BLMs (Table 1) , similar longevity and V B were observed compared to conventional BLMs. Though inclusion of the monomer mixture increases membrane conductance, the magnitude of the change is within the normal working range of BLMs on a range of aperture substrate materials. Upon cross-linking of MA-BLMs via UV irradiation for 5 min to yield PSS-BLMs, a >10-fold increase in AWT and longevity and a 30% increase in V B were observed compared to conventional BLMs. Additional improvements in electrical stability were observed upon increasing UV irradiation time to 10 min. Importantly, the membrane conductance, a key measure of membrane integrity, was statistically similar in MA-BLMs and PSS-BLMs regardless of UV irradiation time.
Stability metrics for conventional BLMs on PFDCS-modified apertures were statistically similar before and after 15 min of UV irradiation (Table 2) . Conventional BLMs formed on PFDCS-modified apertures exhibit marked stability increases compared to those formed on CPDCS apertures due to enhanced surface/lipid interactions. Unlike on CPDCSmodified apertures, MA-BLMs formed on PFDCS-modified apertures exhibited decreased electrical and mechanical stability as indicated by V B and AWT (47% and 30% decreases, respectively) compared to conventional BLMs, though the magnitudes of these values are still comparable to BLMs formed on CPDCS-modified apertures. Thus, it is likely that inclusion of the monomer mixture disrupts the lipid−surface interactions and yields BLM stabilities comparable to those formed on surfaces with weaker surface−lipid interactions.
Upon formation of PSS-BLMs via 5 min of UV irradiation, V B recovered to values equivalent to conventional BLMs; however, >3-fold increase in longevity was observed compared to conventional BLMs. Furthermore, a 45% reduction in membrane conductance was observed for MA-BLMs, and persisted in PSS-BLMs formed via 5 min of UV irradiation. When UV irradiated for 10 min, an increase in membrane conductance was observed, though the values were still lower than conventional BLMs prepared with this surface modification. Furthermore, V B and longevity were increased by >2-and 5-fold, respectively, compared to conventional BLMs. In addition to stability, we evaluated the noise characteristics of the conventional, MA-and PSS-BLMs. Table 3 Thus, the introduction of the polymer scaffold did not deleteriously effect the noise associated with the BLM current measurements, supporting the potential utility for sensing using low conductance ion channels On the basis of the aggregate of the measurements, it appears that formation of the polymer scaffold exhibits no deleterious effects on membrane stability or membrane integrity within the BLM. In fact, PSS-BLMs formed via 5 or 10 min of UV irradiation of MA-BLMs on CPDCS-and PFDCS-modified apertures yielded significantly improved membrane longevity and reduced membrane conductance with enhanced V B and little or no adverse effect on AWT. For membranes formed on both CPDCS-and PFDCS-modified apertures, membrane conductance was unchanged when comparing MA-BLMs and PSS-BLMs formed via 5 min of UV irradiation. Though the conductance was increased with further irradiation time, the conductance was still lower than that obtained from a conventional BLM. The altered membrane conductance observed upon addition of monomer mixture may be due to alterations in the lipid packing or phase transition resulting from the mixed membrane composition and altered interactions between the membrane and the underlying substrate, although further study is needed to elucidate the underlying mechanisms in this complex environment.
Reconstitution of Ion Channels into PSS-BLMs. Robust ion channel-based biosensors and sequencing platforms necessitate high stability suspended lipid bilayers into which functional ion channels can be reconstituted. While PSS-BLMs showed significant stability improvements, the effects of UV irradiation and the presence of the polymer scaffold on ion channel function was a major concern for the application of this technology. Gramicidin A, a channel forming peptide that requires membrane fluidity to function, was reconstituted into conventional BLMs, MA-BLMs, and PSS-BLMs to probe the relationship between methacrylate cross-linking and ion channel function.
Gramicidin A forms ion-conducting channels by dimerization of peptide subunits that diffuse laterally within each monolayer leaflet of the lipid bilayer. 27 Dimerization occurs via hydrogen bonding of the amino termini of each peptide subunit. 28 The formation and dissociation of transmembrane dimers leads to quantized changes in transmembrane ion current, with conductance ranging from 21 to 24 pS. 29 Because the length of a functional gramicidin pore (ca. 2.2 nm) is less than the thickness of a typical BLM (4−5 nm), the bilayer is locally deformed to facilitate the formation of conducting pores (shown schematically in Figure S2 ). 29−32 Kelkar et al. reported the structure and function of gramicidin in a lipid bilayer to be dependent upon the oriented dipole moments of the four Cterminal tryptophan residues of the peptide. 33 Thus, changes in membrane physiology upon PSS-BLM formation or UV degradation of C-terminal tryptophan residues may lead to disruption of gramicidin A function.
Gramicidin A was added to the cis side of a conventional BLM while applying a potential of 70 mV across the bilayer. Successful insertion and dimerization was indicated by quantized changes in ion current with amplitudes of ca. 1.5 pA. Ion channel conductance states were calculated by dividing the mean of each distribution in the all-points histogram ( Figure S2 ) by the applied potential. The resulting conductance states were separated by 21 pS, characteristic of normal gramicidin activity. Figure 3 shows the effect of UV irradiation on gramicidin A activity in conventional, MA-BLMs and PSS-BLMs. Following insertion of active gramicidin channels, BLMs were UV irradiated immediately after the verification of ion channel activity (Figure 3) . On both CPDCS-and PFDCS-modified apertures, a decrease in mean open time was observed in conventional BLMs after UV irradiation for 5 min, but no further change was observed when UV irradiation time was increased from 5 to 10 min (Table 4) . Additionally, a decrease in mean channel conductance was observed, and the effect was much larger on PFDCS-modified apertures. The observed decrease in gramicidin conductance and mean open time after UV irradiation may be attributed to photodegradation of Cterminal tryptophan, resulting in decreased activity as reported previously. 33 Ion channel activity was observed when gramicidin was reconstituted in MA-BLMs ( Figure 3D) ; however, the mean conductance of gramicidin in MA-BLMs on CPDCS-and PFDCS-modified apertures was reduced by 14% and 20%, respectively, compared to gramicidin in conventional BLMs (Table 4) . Thus, the presence of the monomer mixture has a moderate but adverse effect on gramicidin A.
Upon 5 min of UV irradiation of MA-BLMs to form PSSBLMs ( Figure 3E ), gramicidin conductance was reduced by 48% and 35% for CPDCS-and PFDCS-modified apertures, respectively, relative to conventional BLMs. Extending UV irradiation time to 10 min resulted in the near total loss of gramicidin activity ( Figure 3F ). Decreases in gramicidin conductance and mean open time upon PSS-BLM formation exceed those of UV-irradiated gramicidin in conventional BLMs, suggesting an additional mechanism of interference beyond photodegradation. Previous reports have shown that decreased bilayer fluidity decreases mean gramicidin conductance; 34 thus we suspect that the observed decreases in conductance are the net result of both photodegradation and reduced bilayer fluidity upon formation of the polymer scaffold. Additionally, the presence of the monomer mixture in MABLMs and the polymer scaffold in PSS-BLMs may alter the physical or mechanical properties of the membrane, thus attenuating the capability of the BLM to locally deform to accommodate formation of functional gramicidin conducting pores.
In an effort to circumvent the deleterious effects of UV irradiation and/or monomer mixture on gramicidin conductance, gramicidin was reconstituted into preformed PSS-BLMs (Figure 4) . Interestingly, when PSS-BLMs were formed via 5 min of UV irradiation, gramicidin readily reconstituted into the stabilized bilayers ( Figure 4A ) on both CPDCS-and PFDCSmodified apertures. Gramicidin conductance was only minimally affected under this condition (Table 5) , with reductions of 14% and 3% for CPDCS-and PFDCS-modified apertures, respectively, compared to conventional BLMs. Although the exact nature of these observations remains to be elucidated, the observed reductions may result from interactions between gramicidin A peptides and unreacted methacrylate monomers, similar to the observations described for MA-BLMs.
When PSS-BLMs were formed via 10 min of UV irradiation ( Figure 4B ), no evidence of gramicidin reconstitution was observed. Combined, these results suggest that moderate UV irradiation times lead to partially polymerized methacrylate scaffolds that provide enhanced BLM stability and maintain bilayer fluidity adequate for peptide reconstitution and ion channel function. In contrast, excessive UV irradiation times (e.g., 10 min) result in more extensively polymerized scaffolds that decrease membrane fluidity and/or reduce the capability of the BLM to compress sufficiently to form functional gramicidin channels.
The observed number of functional ion channels provides an additional indication of the degree of fluidity and/or compressibility in PSS-BLMs. When gramicidin activity was observed in PSS-BLMs, no more than two active gramicidin channels were observed concurrently, compared to >6 in both conventional and MA-BLMs. Thus, the probability of forming a functional dimer is decreased upon increased photopolymerization. Although the cause of this observation is unclear at present, it is likely that polymerization reduces the diffusion of gramicidin monomers in PSS-BLMs and that the net membrane area that is sufficiently compressible to form functional gramicidin dimers represents a small fraction of the overall membrane area.
Importantly, gramicidin reconstituted into PSS-BLMs maintained function for 7−9 h before permanent loss of peptide function was observed, possibly due to peptide denaturation (see Figure S3 for single channel recordings). Thus, with membrane lifetimes that exceed those of reconstituted ICs, PSS-BLMs may offer a route toward ICbased biosensors that are limited not by membrane stability, but by the active lifetimes of reconstituted membrane proteins.
To broaden the application of PSS-BLM:ion channel platforms, we reconstituted α-HL, a pore forming channel with characteristic conductance of ca. 1 nS into the various BLM configurations. 35, 36 α-HL is routinely used to prepare stochastic sensors and nucleic acid sequencing platforms, thus it represents an important application for stabilized BLMs. 37, 35, 38 Table 6 summarizes the results obtained for α-HL reconstituted into differing BLM configurations. In each case, the mean conductance values for α-HL were within the accepted experimentally measured values (see Figure S4 for single channel recordings), suggesting that UV irradiation or decreased membrane fluidity had no adverse effect on α-HL activity, which agrees well with previous reports. 23 α-HL is a homoheptamer that requires insertion and assembly of the seven monomer units to form the functional channel. 39 Thus, the membrane must retain sufficient fluidity to support diffusion and assembly of the channel subunits. Reconstitution of α-HL into preformed PSS-BLMs via 5 min of UV irradiation further confirms the existence of sufficient fluidity required for ion channel reconstitution and function, similar to that observed for gramicidin A, whereas no evidence of functional ion channel assembly was observed after extended cross-linking via 10 min of UV irradiation (Table 7) . Overall, reconstitution of ion channels into preformed PSS-BLMs prepared via 5 min of photopolymerization show great promise for the construction of ion channel functionalized sensor technologies that may find a wide array of applications including DNA sequencing, small molecule sensing, and beyond.
Importantly, UV photopolymerization might also be useful to limit the number of α-HL insertions into the BLM. In typical α-HL reconstitutions, an excess of ion channel is added to the bath and immediately upon insertion of a functional channel, the bath is diluted. Thus, polymerization of the PSS-BLM may provide an easily automated alternative approach for controlling ion channel insertion density, if the excessive electrical noise introduced by the UV lamp can be overcome.
Finally, it should be noted that although direct insertion of ion channels used here was readily achieved, insertion of more hydrophobic channels typically requires either surfactant dialysis or fusion of proteolyzosomes. It remains to be determined if these approaches are compatible with the PSS-BLM strategy presented here.
■ CONCLUSION
We have demonstrated that improved stability of BLMs can be attained by chemically cross-linking methacrylate monomers within the lipid membranes to form PSS-BLMs. These stability improvements were shown to complement previously reported improvements via aperture surface chemistry modifications and with appropriate iterative optimization of the surface chemistry and polymer scaffold properties may lead to even greater enhancements. This approach is simpler, broadly applicable, less costly and more widely accessible compared to prior efforts utilizing reactive lipid monomers. PSS-BLMs can withstand potentials >2000 mV without experiencing dielectric breakdown and show >10-fold increase in measures of mechanical stability and >5-fold increase in BLM lifetime compared to 
